Although lipids are essential nutrients in the mammalian diet, we have shown that fatty acids are injurious to epithelial cells of developing piglet intestine during luminal perfusion. Furthermore, the intestine of young animals sustains greater injury than that of older piglets. In an effort to understand the mechanism for this developmental injury, we investigated whether changes in the chemical configuration of oleic acid would alter this damage. Mucosal permeability, as quantitated by the plasma-to-lumen clearance of "1chromium EDTA, was evaluated during luminal perfusion with oleic acid as compared with its ethyl (ethyl oleate) and glyceryl (glycerol-1-mono-oleate) esters, solubilized with taurocholic acid, in jejunum of 1-d-, 3-d-, 2-wk-, and 1-mo-old piglets. 5"Chromium EDTA clearance increased significantly during oleic acid and glycerol-lmono-oleate perfusion, but did not increase during perfusion with ethyl oleate or saline. This result was not secondary to failure of absorption of ethyl oleate, as 1[4Cqoleic acid and ethyl 11-'4Cioleate were absorbed to a similar extent. Furthermore, developing intestine was able to remove the ethyl group and then re-esterify the fatty acid to form triacylglycerol. These studies indicate that oleic acid-induced mucosal injury can be abolished when the carboxylic group of the fatty acid is esterified with an ethyl, but not a glycerol, group. Since the ethyl ester is also absorbed and metabolized similarly to the free fatty acid, this may provide a means of supplying long-chain fatty acids to developing intestine without causing mucosal damage. (J. Clin. Invest. 1994. 93:479-485.)
Introduction
Numerous in vivo and in vitro studies have demonstrated the cytotoxic effects of fatty acids on intestinal cells of adult animals (1) (2) (3) (4) . Perfusion or incubation of intestinal tissue with fatty acids solubilized with bile salts produces significant cell damage that is not seen with bile salts alone (2, 3) . This lipid-induced injury increases proportionally with the concentration (2) and with the carbon chain length (3) of the fatty acid.
In developing piglet intestine we have demonstrated that mucosal injury induced by dietary fatty acids is also dependent on the fatty acid concentration and carbon chain length (5, 6) .
In general, medium-chain fatty acids (MCFA)' appear to be less injurious to the intestinal mucosa of developing animals compared to long-chain fatty acids (LCFA) at concentrations that may be present postprandially in the intestinal lumen. We have also shown that the sensitivity of the intestinal mucosa to the injurious effects of fatty acids changes as a function of age such that the intestine of 1 -d-old piglets is more prone to injury compared to that of 1-mo-old animals (5) .
In addition to the low cytotoxicity of medium-chain fatty acids in intestinal mucosa of developing animals, MCFA are digested and absorbed efficiently from the gastrointestinal tract without the need for bile salt solubilization, providing a readily available source of energy for the newborn (7) . This is particularly important in the neonatal period, when pancreatic and biliary functions are immature (8, 9) . However, dietary MCFA cannot be transformed into essential LCFA in the body (10) . Mammals lack the enzymes to transform MCFA into LCFA of the n -6 and n -3 series, which are necessary for the synthesis of complex structural lipids in biological membranes and are precursors for eicosanoid compounds ( 11 ) . The LCFA considered essential in human nutrition are the 18-carbon chain n -6 linoleic acid ( 18:2, n -6) and its derivatives, in particular arachidonic acid (20:4, n -6); and the n -3 fatty acids linolenic acid ( 18:3, n -3) and its longer chain, more polyunsaturated derivatives, eicosapentaenoic acid (20:5, n -3) and docosahexaenoic acid (22:6, n -3), as have been identified ( 10, 12) . Therefore, these fatty acids must be provided in the infant diet for normal growth and development.
Previous work from our laboratory has shown that oleic acid, a common dietary long-chain fatty acid, induces increases in mucosal permeability in developing piglet intestine. These changes in permeability are associated with mucosal injury observed with light and electron microscopy (5) . Moreover, we demonstrated that the oleic acid-induced injury is similar to that observed with the essential fatty acids linoleic and linolenic acids (6) .
There are studies that suggest that the cytotoxicity of longchain fatty acids may be related to the presence of a free carboxyl group in the lipid molecule. Zhu et al. have shown that esterification ofoleic acid and linoleic acid with a methyl group significantly decreases the cytotoxic effect of these LCFA on Ehrlich ascites carcinoma cells in mice ( 13 ) . They concluded that part of the cytotoxicity of LCFA can be attributed to the existence of a free carboxylic group. Similarly, Raz and Livne demonstrated that methyl esters ofoleic, linoleic, and linolenic acids do not show the hemolytic effect observed with increasing concentrations ofthe unesterified (free) fatty acids ( 14) . In this study we investigated whether the injurious effects ofoleic acid on intestinal mucosa of developing piglets are influenced by changes in the chemical configuration of the carboxylic group ofthe fatty acid. Our objective was to gain a better understanding of the pathophysiology of lipid-induced injury in developing intestine. In the course of this investigation we observed that ethyl oleate was harmless to the intestinal mucosa. This intriguing observation raised the question ofwhether the intestinal absorption and metabolism of ethyl oleate was comparable to those of the free fatty acid. This question was addressed by studying absorption of ['4C]oleic acid compared to ethyl [ 1- '4C] oleate. The results of this study provide insight into the mechanisms of mucosal injury induced by dietary fatty acids and suggest that ethyl esters of LCFA may be an alternative means of supplying these important nutrients to immature intestine.
Methods
Intestinal permeability studies Animal preparation. 20 Hampshire/Yorkshire piglets of either sex were randomly selected among groups of -d-old, never-nursed ( 1-7 h of age; 1.51±0.08 kg; n = 5); 3-d-old, fasted for 18 h (2.2±0.12 kg; n = 5); 2-wk-old, fasted for 24 h (4.27±0.42 kg; n = 5); and 1-mo-old, fasted for 24 h (7.38±0.63 kg; n = 5). After intramuscular injection of ketamine hydrochloride (20 mg/kg) and xylazine ( Experimental protocol. After surgery, the cannulated loops were perfused with warm normal saline via a Gilson minipuls peristaltic pump at a rate of 1 ml/min to achieve a constant flow. 5"Cr-labeled EDTA was then injected intravenously, such that there were at least 25,000 cpm/ml (100-150 MCi/kg). 10 min were allowed for tissue equilibration of the labeled EDTA. After the equilibration period, the four intestinal loops were initially perfused with normal saline during 20 min (control period). After this control period, the different fatty acid solutions in each experimental group were perfused simultaneously in different loops for 20 min (lipid period). Subsequently, the perfusate was changed to normal saline for 60 additional min (recovery period). Luminal perfusate from the effluent cannula (4 ml) was collected at 10-min intervals during the experiment to monitor 5 Cr-labeled EDTA clearance. 1 ml of blood (centrifuged to obtain 0.5 ml of plasma) was removed every 20 min to monitor plasma 5"Cr-labeled EDTA radioactivity. The blood was replaced with an equivalent volume of 6% Dextran 70 (Sigma Chemical Co.). 5"Cr-labeled EDTA activity in plasma and in 4-ml aliquots of perfusate for each 10 min, was measured in a CompuGamma spectrometer (model 1282; LKB Instruments, Inc., Gaithersburg, MD).
At the end of the experiment, the animal was killed with an overdose of pentobarbital (60 mg/kg), and each loop of intestine was removed, rinsed with normal saline, and weighed.
Calculation of5Cr-labeled EDTA clearance. The plasma-to-lumen clearance of 5"Cr-labeled EDTA was calculated as follows: Experimental protocol. After emulsification, reference samples of the lipid solutions from the top, middle, and bottom of the container were obtained. Radioactivity was measured in these samples to ensure a homogeneous distribution of the labeling molecule. Then a volume adequate to fill the intestinal loops without causing distention (2 ml in l-d-old, and 5 ml in 2-wk-old) was placed into different loops for I h. shaker and an aliquot (50 ju) from each sample was taken for radioactivity determination. Lipid absorption was determined as follows:
absorptive index = 100% of infusate dpm -% of total dpm recovered in lumen.
Lipids in the effusate collected from ethyl [1-'4C]oleate-infused loops were extracted by the method of Blankenhorn and Ahrens ( 16) and were analyzed by TLC. The intestinal segments were then opened longitudinally, the mucosa separated via blunt dissection, and placed in separate Erlenmeyer flasks containing 50 ml of chloroform/methanol 2:1 for lipid extraction ( 17) . After 24 h, an aliquot (0.5 ml) from each flask was taken and blown down under nitrogen for radioactivity determination. Lipid transport was calculated as follows: transport index = absorptive index -% of total dpm recovered in mucosa x 100 absorptive index Lipids from the jejunal mucosa of l-d-old piglets extracted with chloroform/methanol 2: 1, were also used to determine the distribution of radioactivity in different lipid classes as analyzed by TLC.
Radioactivity determination. The samples were mixed thoroughly with 10 ml of an aqueous miscible scintillation cocktail (Poly-Fluor; Packard Instrument, Downers Grove, IL) and then counted for 10 min in a liquid scintillation spectrophotometer (model 1209 Rackbeta; LKB Instruments, Inc.).
TLC analysis. The TLC analysis was performed using Silica Gel G plates (20 x 20 cm), which had been activated at 120'C for 30 min. The solvent system used was composed of petroleum ether/anhydrous diethyl ether/glacial acetic acid ( 105:21:0.6, vol/vol/vol). The lipids were visualized after staining with iodine vapor and were identified by co-migrating lipid standards ( 18) . The appropriate lipid spots were then scraped into scintillation vials, and 10 ml of scintillation cocktail was added for radioactivity determination. TLC plates used for photography were stained with 25% phosphomolybdic acid in methanol.
Data analysis. All values are expressed as means±SEM. A threefactor ANOVA, followed by Duncan multiple-range post hoc testing (SAS Institute, Inc., Cary, NC) was used to evaluate differences among age groups, lipid solutions, and time. Differences were considered significant at P < 0.05.
Results

Permeability studies
Perfusion of developing piglet jejunum with 5 mM oleic acid produced significant increases in mucosal permeability in all age groups (Fig. 1 A) . This response was more attenuated in 1-mo-old piglets compared to younger animals. Mucosal permeability returned to near baseline values after I h of luminal perfusion with normal saline such that at the end of the experiment these values were not significantly different than control at any age.
A similar response was observed in developing intestine after perfusion with glycerol 1 -mono-oleate (Fig. 1 B) . Clearance values also returned to near control values at the end of the recovery period. In contrast, after luminal perfusion with ethyl oleate no significant alterations of EDTA clearance were observed at any age during any time period (Fig. I C) .
When (Fig. 9) . Only a small percentage (< 3%) of the mucosal lipid was present as ethyl oleate, suggesting that the intestinal mucosa of 1 -d-old piglets was able to effectively cleave the ethyl group and re-esterify the resultant lipid into triacylglycerol. (3, 14) , enterocytes ( 1-6), several tumor cell lines ( 19, 20) , and heart muscle cells (21 ) . Although the mechanism(s) offatty acid-associated injury is unknown, alterations in the chemical configuration ofthe hydrophobic group of FFA may lead to changes in their cytotoxic effects. We and others have shown that the injurious effects of FFA on intestinal cells are dependent on the length and, therefore, the hydrophobicity of the carbon chain (3, 6) . The degree of saturation of the hydrophobic group does not appear to play an important role in determining the toxic effect of fatty acids (6) . Information regarding the effect of changes in the configuration of the hydrophilic group on the toxic potential ofFFA is sparse. A few studies have evaluated in vitro the cell injury induced by methyl esters oflong-chain fatty acids (LCFA), including oleic acid, in red blood cells ( 14) and tumor cells ( 13) . These experiments showed that the toxic effects of LCFA were abolished after esterification with the methyl group, leading the investigators to conclude that the cytotoxicity of LCFA was dependent on the presence of a free carboxylic group ( 13). The objective of the present study was to evaluate whether modifications of the carboxylic moiety by the formation of esters could alter the mucosal injury previously observed (5) in developing piglets after perfusion with oleic acid. Both glycerol 1-mono-oleate and ethyl oleate lack a free carboxylic group, and the major difference between these two compounds relates to the polarity of the ester. The glycerol moiety of the glycerol 1-mono-oleate with two hydroxyl groups is more polar than oleic acid with a single hydroxyl group. Oleic acid is in turn much more polar than the ethyl ester as observed with TLC (Fig. 9) . Due to the reduced polarity of the ethyl oleate molecule, its ability to behave as an amphiphile may be impaired, thus lowering its cytotoxicity. Amphiphilic molecules, which possess detergent-like characteristics, may interact with cell membranes and cause alterations ranging from subtle changes in permeability to membrane lysis, according to the concentration of the detergent (22) . This direct effect may explain the rapidity of the fatty acid-induced injury observed in this and other studies. The concentration of oleic acid used in this study (5 mM) consistently produced a 20-fold increase in mucosal permeability (Fig. I ) , and has been shown to be associated with cell membrane disruption and cell death observed with light and electron microscopy (5). The mechanism of this amphiphile-induced alteration in cell membranes is unknown but may involve alterations in membrane fluidity and/or membrane breakdown and solubilization into mixed micelles (23) .
An alternative explanation for the reduced mucosal injury observed after perfusion with ethyl oleate is suggested by the behavior of this lipid in water. In this study, sodium taurocholate was used to solubilize the lipids in water, and under our experimental conditions (pH 7.4, T 370C) oleic acid and glycerol 1-mono-oleate were adequately solubilized. In contrast, ethyl oleate formed a turbid solution. These observations correlated with previous reports by Hofmann (24) that micellar solubilization of solutes with bile salts appears to be influenced by the polarity of the compound such that nonpolar molecules are solubilized less efficiently in an aqueous environment than polar ones. This suggests that the reduced effect of ethyl oleate was secondary to the reduced solubility ofthis lipid in water, leading to reduced micellar solubilization, reduced mucosal contact, and therefore, reduced mucosal injury. Previous studies in vitro in red blood cells and Caco-2 cells have shown that stearic acid (C 18:0) has a significantly lower lytic potential at 37°C compared to other 18-carbon mono-and polyunsaturated fatty acids (3) . This was attributed to the insolubility of the fatty acid secondary to gel formation at this temperature, which is below its critical temperature. To ascertain whether the behavior of ethyl oleate in water was responsible for the lack of injurious effects on intestinal mucosa, we evaluated the ethyl oleate-mucosa interaction by determining the absorption ofthis lipid and comparing it with the absorption of oleic acid. In 2-wk-old animals -70% of the lipid infused was absorbed after 1 h and no statistically significant differences were observed between the uptake ofoleic acid and ethyl oleate (Fig. 3) . In 1-d-old piglets the overall absorption rate for both lipids was also high ('-80%), but the uptake of oleic acid was significantly higher than the uptake of ethyl oleate (Fig. 3) . This difference was abolished with time ( Fig. 6) . These results suggest that mechanisms other than lack of interaction between the ethyl ester and intestinal mucosa may be responsible for the reduced effect of ethyl oleate.
To our knowledge, this is the first report on the absorption of a LCFA and its ethyl ester in developing intestine. Important findings have been described in numerous studies, however, in which the absorption of long-chain polyunsaturated fatty acids (PUFA) in different chemical forms (including FFA, triacylglycerol, and arginine salt) has been compared to the absorption of ethyl esters of PUFA in adult rats (25) and humans (26) (27) (28) (29) . In general, it has been observed that the absorption of ethyl esters of PUFA is less efficient compared to the other chemical forms, especially FFA. However, it has also been shown that the ability to absorb ethyl esters significantly improves with exposure time (25) . The different absorption of ethyl esters of LCFA may be the result of poor hydrolysis by pancreatic lipase (30) . It has been suggested that the resistance to hydrolysis could result from the ethyl component of the molecule (26) . Studies by Sarda and Desnuelle have reported a lower hydrolysis of ethyl oleate compared to the hydrolysis of triolein (31 ) . Furthermore, it has been shown that the hydrolysis of ethyl oleate is significantly lower than the hydrolysis of the homologous methyl oleate (32) . Despite the reduced hydrolysis of ethyl esters of LCFA, this and other studies (33) have reported uptake rates higher than 90%, suggesting that the absorption of the ethyl ester is probably very effective and may take place without prior enzymatic hydrolysis. Once inside the enterocyte, it appears that an intracellular esterase exists that hydrolyzes the ethyl ester, allowing the incorporation of the liberated fatty acid into de novo synthesized triacylglycerols in the cell (Fig. 9) . Studies in adult animals have also reported the possible intracellular metabolism of ethyl esters of PUFA. In rats receiving eicosapentaenoic acid and docosahexaenoic acid ethyl esters, no ethyl esters were found either in 4-h lymph samples or in blood (34) . An interesting observation in our study relates to the reduced ability of l-d-old intestine to transport the absorbed ethyl oleate (Fig. 5) . In rats, the ability of small intestine to transport lipid into lymph can be determined by cannulation of a major intestinal lymph duct (35) . This allows the calculation of the lymphatic transport index (36) . However, in developing piglets lymphatic cannulation is technically very difficult and even though we have been able to cannulate a lymphatic and obtain lymph for a short period of time in 2-wk-old piglets (data not shown), this procedure is impractical in 1 -d-olds due to the size and the fragility of the vessels. Another problem is the difficulty in ensuring the complete recovery of intestinal lymph from a certain segment of the gut. Therefore, in our model, transport index was calculated by subtracting the proportion of radioactive lipid present in the mucosa from the proportion of lipid absorbed from the lumen and dividing the result by the absorptive index. This provides lipid transport values that are normalized for the variability in uptake rate that may be observed in different experimental animals. Our results showed that in 1-d-old animals more ethyl oleate was present in the intestinal mucosa after 1 h compared to oleic acid, indicating a more efficient transport of oleic acid. This phenomenon was not observed in 2-wk-olds (Fig. 5) . The reduced ability of 1-day-old intestine to transport the absorbed ethyl oleate was not due to the inability to incorporate the lipid into triacylglycerol, because only a very small amount of ethyl oleate was found in the mucosa at the end of 1 h (Fig. 9) .
The explanation for this phenomenon is unclear. It may be possible that 1 -d-old animals use the free fatty acid as an additional metabolic fuel, considering the high metabolic demands of the newborn intestine (37) . This would reduce the amount of oleic acid in the mucosa and would give a high transport index value. Another possibility is that oleic acid, after causing mucosal epithelial disruption, may reach the interstitium and the circulation through a paracellular route, reducing the amount ofthe lipid detected in the mucosa. This speculation is not supported by the fact that oleic acid produces similar mucosal injury in 2-wk-old piglets (Fig. 1 ) and in this age group no difference in the amount of oleic acid and ethyl oleate transported has been found (Fig. 5) . Regardless of the mechanism, it is obvious that the initial delay in the transport ofethyl oleate improves significantly with time (Fig. 7) . Overall, these results indicate that ethyl oleate is efficiently absorbed, metabolized, and transported out of the mucosa in developing intestine.
Taken together, the results of our study may have important clinical implications in developing intestine. Immaturity or disruption of the developing mucosal barrier may result in clinical disease states to which the newborn is susceptible, such as necrotizing enterocolitis, toxigenic diarrhea, and intestinal allergy. We have shown in this study and others (5, 6 ) that bile acid-solubilized dietary fatty acids, especially the long-chain unsaturated species, in a concentration that may be found postprandially (after pancreatic enzyme digestion of triglycerides in infant formula) are able to disrupt the intestinal mucosal barrier. Because long-chain fatty acids are essential for normal growth and development and must be provided in the diet, it is important to find the means to supply fatty acids to the newborn with minimal alterations of the mucosal barrier, thus decreasing the hazard of intestinal pathology. Our study indicates that esterification of the injurious LCFA oleate with a nonpolar ethyl group abolishes its cytotoxic effects in this experimental setting, using developing piglet intestine. In addition, ethyl oleate is well absorbed and metabolized, indicating that ethyl esters of LCFA may be useful as a source ofessential fatty acids to the newborn without concomitantly increasing the risk of mucosal injury. Although we have found no significant differences in injury induced by oleic acid solubilized in bile vs. taurocholic acid (data not shown), investigation of the response to a mixed nutrient meal that has been digested and solubilized by pancreatic enzymes and bile in an intact developing gastrointestinal tract is crucial before applying these experimental findings to the clinical situation.
